Introduction 29
The most abundant biomass found in nature which is preferably exploited in consolidated 30 bioprocessing (CBP) is lignocellulose. Because of its abundance, this raw material can be obtained in 31 fact at a very low cost, making it the best substrate with the highest potential in CBP. Moreover, the 32 cellulosic ethanol obtained from lignocellulosic substrates has been reported sustainable as its 33 production process has reduced greenhouse gas emissions (Langeveld, Sanders et al. 2012 , Salles-Filho, 34
Cortez et al. 2016). Lignocellulose comprises 50-90% of all plant matter and it is composed of three 35 major components namely: cellulose (~35-50%), hemicellulose (20-35%; which is composed mainly 36 of xylan), and lignin (~15-30%). These major components of lignocellulose are in their polysaccharide 37 forms and hydrolysis of these polysaccharides yield fermentable sugars except for lignin (which 38 produces phenolic compounds that actively inhibit fermentation (Lynd, Weimer et al. 2002, Kricka, 39 
Fitzpatrick et al. 2014). 40
Hemicellulose is mainly composed of pentose sugars such as: xylose, arabinose and mannose. 41
One of the most challenging conundrums to use S. cerevisiae in CBP is the inability of S. cerevisiae to 42 completely break down hemicellulose due to its structural complexity and to utilize the pentose sugars 43 released upon hemicellulose degradation. Owing to the structural complexity of hemicellulose, a 44 mixture of the various hemicellulases which are classified into: main-chain, and side-chain (or known 45 as accessory) enzymes are needed for its total degradation as schematically illustrated in Figure 1 for 46 the efficient degradation and xylose release from the xylan backbone. The interaction of these main-47 chain and accessory enzymes is described by performing synergy studies (Nidetzky, Steiner et al. 1994 , 48 Kumar and Wyman 2009). A given argument between these two types of hemicellulases is that the 49 main-chain cleaving hemicellulase will have an enhanced activity if the substituents (minor components 50 such as arabinose, mannose, and some functional groups such as acetate) are prior removed by the 51 accessory enzymes provided the steric hindrance to the main-chain enzyme of the substituent (Collins, 52 Gerday Specifically for hemicellulose, a number of synergistic studies have been performed using 56 hemicellulase mixtures purified from different microorganisms. It was generally reported that 57 accessory enzymes such as xylan esterases, arabinofuranosidases, glucuronidases, and mannases 58 synergistically enhances the main-chain cleaving enzymes (i.e., xylanases, xylosidases) in the release 59 of xylose from pure hemicellulose substrates, such as wheat arabinoxylan, oat-spelt, beechwood, and 60 birchwood xylans (Gasparic, Martin et al. 1995 should be noted that not all hemicellulase combinations would lead to a positive synergism between 65 them. Some exhibit negative synergism (also referred as anti-synergism) in cases when one of the 66 enzymes in the mixture inhibits the action of its other constituents (Kovacs 2009 respectively to generate the plasmid pXP622-XI-XK which contains both the XI and XK genes. This 148 plasmid was transformed into surface display EBY100 strains using the standard lithium acetate 149 transformation method as described by Bergkessel and Guthrie (2013) The expressed hemicellulases were then verified via western blotting. After the SDS-PAGE, 168 the gel was electroblotted onto a polyvinylidene fluoride (PVDF) membrane as described by Alegria-169 Schaffer (2014). The specific hemicellulases that were fused with a C-terminal His 6 -tag were probed 170 with a 1°-Anti-6X His tag mouse antibody (Genetex Inc., CA, USA ) then indirectly labelled by 2°-171 alkaline phosphatase conjugated goat Anti-Mouse antibody (Jackson Immuno Research Inc., PA, USA). 172
The probed hemicellulases were then visualized via the alkaline phosphatase reaction using a 173 BCIP/NBT chemiluminescent substrate (AMRESCO, OH, USA). After electroblotting, the blot was 174 characterized using a UVP gel imaging system (UVP Bioimaging Systems, CA, USA). (Table S2 .1, 175
The display of the hemicellulases on the surface of the surface-display strains were verified via 177 immunofluorescence microscopy. The yeast samples (OD600nm of ~1-2) were pelleted then re-178 suspended in 250 μL of PBS containing 1mg/mL bovine serum albumin and 0.5 μg of 1°-Anti-6X His 179 tag mouse antibody (Genetex Inc., CA, USA ) for 4 h with occasional mixing. Then, the probed cells 180
were pelleted, washed with PBS and resuspended in PBS plus 1 mg/ml bovine serum albumin and 0. augmented simplex lattice design, with a lattice degree of 3 was generated and is summarized and 207 visualized in a triangular coordinate plot in Table S3 .1, and Figure S3 .1 (Supplementary Material). This 208 was adapted to investigate the synergistic relationships of the five hemicellulases secreted by S. 209 cerevisiae in their capability to degrade the xylan substrate. The response data was analysed using the 210 said statistical software. Xylan hydrolysis for each mixture formulation were performed in triplicates. 211 212
Mixed Culture Fermentation Experiments 213
After pre-cultivation, the different yeast cells expressing the xylose utilization genes along with 214 a respective surface-display hemicellulase were harvested, washed, and resuspended with 50mM Na-215 citrate buffer (~pH 6) containing 12mM 2 and 2mM EDTA. A mixture of these yeast cells which 216 corresponds to their respective optimum hemicellulase mixture formulation were then inoculated into 217 synthetic medium containing 1-2% Beechwood xylan or 1-2% Wheat Arabinoxylan at a total initial600 was fixed at ~3.0-5.0. Ethanol fermentation was performed in shake-flasks at 30°C and 150rpm. 219
All fermentations were performed in duplicates. 220
Yeast growth monitoring was estimated by measuring the 600 using a Synergy For the efficient release of xylose monomers from the xylan backbone, the condition that all the 250 five hemicellulases must be present in the hydrolysis mixture was adapted during the mixture response 251 optimization process. The optimum mixture formulation for the given constraint is shown in Table 1  252 having a predicted specific activity of 1.104 U/mg with a ~8% difference when compared to the 253 experimentally obtained activity; which implies the adequacy of the model. 254 255
Hemicellulase Mixture Optimization for Arabinoxylan Hydrolysis 256
The specific activities of hemicellulase mixtures on the hydrolysis of wheat arabinoxylan substrate 257 are described as Contour plots in Figure 2B and the corresponding model summary are shown in Tables  258 S3.6 and S3.7 (Supplementary Material). In contrast to the hydrolysis of beechwood xylan, the 259 variations in the specific activities (response) with different hemicellulase mixture formulations are not 260 adequately described by higher ordered models which in this case suggests that the linear terms are 261 sufficient to predict the response. In other words, the synergistic interactions between the hemicellulases 262 during arabinoxylan hydrolysis are not statistically significant. As illustrated in the Countour plot, it 263 would be sufficient to say that hydrolysis of the substrate by using the main-chain cleaving enzyme, 264
Xyn2, is necessary prior to the addition of the other hemicellulases. 265
Thus the mixture formulation that is shown in Table 1 was chosen under the condition that all the 266 five hemicellulases be present for efficient xylose release from the xylan backbone. The difference of 267 ~24% between the predicted and experimental specific activities thus supports the inadequacy of the 268 model to explain the variations due to the hemicellulase synergies. This mixture formulation was 269 adapted to further investigate on the ethanol fermentation from arabinoxylan. 270 271
Hemicellulose Hydrolysis Experiments by Whole-Cell Biocatalysts Mixtures 272
It was to the understanding that the overall specific activities of the hemicellulase mixtures for 273 xylan hydrolysis can be enhanced by displaying the hemicellulases on the yeast surface to serve as 274 whole-cell biocatalysts. Thus, each hemicellulase was displayed on the surface of yeast and its mixture 275 formulations (which corresponds to the free hemicellulase mixture formulation state in Table 1) were 276 evaluated for its overall hydrolysis activities on xylan substrates. Specifically the hydrolysis activities 277 of the following systems were evaluated on different xylan substrates: i.) the free hemicellulase mixture 278 formulation obtain from the mixture of single strain secreted hemicellulase isolates ( Figure 4A ), ii.) 279 mixed culture secreted hemicellulase formulation ( Figure 4B) , and iii.) mixed culture surface display 280 formulation ( Figure 4C) . 281
The specific activities of these different mixed culture system for different xylan substrates are 282 summarized in Table 2 . It is evident that the specific activities of the surface-display hemicellulase 283 formulation have enhanced the free hemicellulase mixture activities on beechwood xylan and wheat 284 arabinoxylan hydrolysis by ~70 and ~25% respectively. 285 286
A Simple Growth Assay for the Simultaneous Xylose Release and Utilization during Xylan 287
Hydrolysis 288
To assess the quality of the xylan hydrolysis products (release of xylose in the medium) by the 289 mixed culture surface display system, a simple xylose growth assay was adapted. Specifically, to a 290 hemicellulase surface display mixed culture formulation, a xylose-utilizing "control" strain YRH1114 291 (adapted for improved xylose utilization, (Hector, Dien et al. 2013)) was added to assess that the xylose 292 released by the hemicellulase surface display mixture can be utilized by the strain YRH1114 to produce 293
ethanol. 294
Thus, from the results shown in Figure 5A , there is an observable cell growth associated to the 295 increase in the OD600 measurements (which used as an estimate for cell concentration; corrected with 296 the absorbance readings of the xylan media as blank). The cell growth observed in Figure 5A was further 297 supported by the released reducing sugar (RRS) profile shown in Figure 5B . In addition, the RRS profile 298 for the hemicellulase surface display mixed culture system (Setup C, refer to Figure 4) shows higher 299 rate of released reducing sugars as the fermentation progresses in contrast to the xylose growth assay 300 assessment system (Setup D, refer to Figure 4) . This difference in the rates of released reducing sugar 301 supports the claim that the xylose released in the medium by surface display hemicellulase mixed 302 culture was utilized by the control strain YRH114. Furthermore, around ~150mg/L ethanol was 303 produced at 120hrs of the fermentation experiment as shown in Figure 5C as a product of xylose 304 utilization by the xylose-utilizing control strain. 305 306
Ethanol Fermentation of Xylan Substrates by Hemicellulase-Displaying, Xylose-Utilizing Yeast 307
Strains 308
As the hydrolysis products of the hemicellulase surface-display mixed cultures can be utilized by 309 a xylose-utilizing yeast strain, the xylose isomerase (XI) and xylulokinase (XK) genes from the xylose-310 utilizing strain were then cloned into each of the hemicellulase surface-display strains to construct the 311 respective hemicellulase-displaying, xylose-utilizing yeast strains. These resulting strains were able to 312 grow on xylose as a sole carbon source in a minimal medium at specific growth rates ranging from 313 ~0.02 to ~0.03 hr -1 (Table S4 .1 and Fig. S4.1, Supplementary Material) . It was noted that during the 314 fermentation media preparation, the wheat arabinoxylan medium (WAM) was slightly viscous with 315 regards to the beechwood xylan medium (BXM). 316
The ethanol fermentation profiles of xylan substrates by engineered yeast mixed cultures (whose 317 formulations correspond to the free enzyme formulations for xylan substrates shown in Table 1 ) are 318 presented in Figure 6 . It can be observed that the overall mixed culture growth on BXM is lower than 319 that of the growth on WAM. This difference in specific growth rates of the mixed cultures between the 320 BXM and WAM are supported by the release rates of the reducing sugars (RRS). Additionally, it can 321 be inferred that the simultaneous rate of release and consumption of xylose in WA medium is higher 322 than that in the BX medium; which could be related to the hemicellulase accessibility on the different 323 substrates. 324
The fermentation parameters for both BX and WA substrates are summarized in Table 3 
Mixture Design Experiments 331
In studying the interactions of mixture components, the mixture experimental design 332 methodology is an indispensable tool for modelling and optimization of the response variables with 333 respect to varying mixture formulations. Not only that the optimum formulation to produce the desired 334
(maximum or minimum) response be obtained, it can also provide the blending properties (synergism 335 or interaction) between the mixture components (Cornell 2011 ). Therefore, this methodology was 336 adapted in this experiment to obtain a statistical understanding on the mechanisms involved in the 337 hydrolytic activities of the five different hemicellulase mixtures expressed and secreted in S. cerevisiae 338 strains on xylan substrates. Additionally, this design approach has been utilized for determining 339 optimum formulations of hemicellulase mixtures and also, along with cellulases (either commercially 340 or recombinantly prepared) in the hydrolysis of not only pure polysaccharide substrates but with actual 341 lignocellulosic substrates (e.g. rice straw, sugarcane bagasse, etc.) ( 
Growth Assay for the Simultaneous Xylose Release and Utilization during Xylan Hydrolysis 376
The adapted growth assay for assessing the utilization of xylan hydrolysis products by the mixed 377 culture surface display system was inspired from symbiotic co-culture studies on efficient utilization of 378 lignocellulosic substrates for consolidated bioprocessing (Panagiotou, Topakas et al. 2011, Zuroff and 379 Curtis 2012, Brethauer and Studer 2014). Specifically, the main idea for this symbiotic co-culture 380 strategy is that one microorganism (with good substrate utilization ability) is responsible for the efficient 381 substrate breakdown and another (with good product yield) for the utilization of the deconstructed 382 substrate. However in this experiment, instead of using two different symbiotic microorganisms to 383 achieve xylan hydrolysis and xylose utilization, two sets of yeast strains were employed where one 384 strain (referred as the "control" strain) is capable of xylose utilization and the other set would be a group 385 of strain/s that express hemicellulases for efficient xylan degradation. Thus, the utilization of a xylose-386 utilizing strain to test if the xylan degradation products contain xylose provides a simple alternative in 387 characterizing the efficiency of xylan hydrolysis for fermentation experiments when compared to the 388 tedious and costly chromatographic separation techniques. 389 390
Ethanol Fermentation of Xylan Substrates 391
The observed differences in the overall growth, and simultaneous xylose release and consumption 392 of mixed cultures in BXM and WAM can be attributed to the accessibilities of the whole-cell 393 biocatalysts to their respective substrates. Specifically, it can be inferred that for there should be a better 394 hemicellulase accessibility to the WA substrate, which is directly related to the specific activity and 395 growth of the mixed cultures, when compared to those in the BX substrate. One factor that could affect 396 the accessibility of the hemicellulases on the substrates would be the viscosity (Sørensen, Pedersen et 397 al. 2006 ). As it was observed that the WAM has a higher viscosity when compared to BXM; owing to 398 the inherent property of arabinoxylan to produce a viscous solution when dissolved in the media 399 The different studies on xylan utilization by S. cerevisiae are summarized in Table 4 and this  404 shows that the hemicellulase surface display mixed culture strategy employed in this study for the 405 degradation and utilization of xylan substrates exhibit a comparable performance to those strains that 406 are adapted for xylose utilization (based on the specific growth rates and % theoretical yield values). 407
However, current engineered strains designed for ethanol fermentation of xylan substrates exhibit low 408 yields when compared to their starch and cellulose counterparts and thus provides a potential for 409 improvement in this field (Schuster and 
